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Letter to the editor

On the specimen length dependency of tensile mechanical properties in soft tissues: gripping effects and the characteristic decay length

Uniaxial tensile tests to failure have regularly been employed to characterise the material properties of various biological tissues, ranging from heart valves (Anssari-Benam et al., 2011) and arteries (Teng et al., 2009; Lillie et al., 2010) to tendons (Legerlotz et al., 2010), intervertebral discs (Nerurkar et al., 2010) and liver (Brunon et al., 2010), providing valuable quantitative data on important mechanical properties such as ultimate stress, strain and modulus. These properties, by definition, are intrinsic material properties and thus should not depend on the geometry of the specimen. However, it has been reported in the literature that the mechanical properties of soft tissues appear to show significant variation with change in specimen length (Sanjeevi et al., 1982; Haut, 1986). In a recent study, we reported that the failure strain and the instantaneous elastic modulus of rat tail tendon fascicles each showed monotonic dependency on specimen length (Legerlotz et al., 2010). While specimen-to-specimen variability may contribute to the reported variations, studies have indicated that the gripping mechanism necessary to transfer applied load to the specimens creates irregular and non-uniform strain fields within the samples (Jimenez et al., 1989; Sun et al., 2005). These irregular and non-uniform effects can notably influence the observed mechanical behaviour of the specimens (Jimenez et al., 1989), contributing to significant variations in estimation of the material parameters (Sun et al., 2005). However, current literature remains rather elusive in providing analytical metrics for calculating the extent to which these effects persist in soft tissue samples. Here we propose a criterion to estimate minimum sample length which may provide a more accurate characterisation of the material properties of soft tissues. We demonstrate, using published data, that the reported variations in the material parameters may be a direct result of not considering this critical length. 

The gripping effects on a specimen under deformation are addressed by the Saint-Venant principle. A well accepted representation of this principle by Love (1944) describes that the method employed to transfer an external force to a sample, namely the gripping mechanism, gives rise to an irregular and non-uniform strain field distribution at regions near the gripping points, which has been shown to decay along the specimen length within a region known as the characteristic decay length (Toupin, 1965). These irregularities are not intrinsic to the sample behaviour, but are caused as a result of the gripping constraints on the sample. Beyond this decay length the influence of the gripping mechanism becomes minimal, and the deformation behaviour of the specimen can be considered as the intrinsic response to the applied load. If the chosen specimen length is smaller than the characteristic decay length, or local strain measurements are evaluated within the characteristic decay length, the end effects would still be present, subsequently leading to erroneous estimation of material parameters. 

While it has been reported that this distance is of the order of specimen width for tensile tests of most engineering materials such as steel and some polymers (Arridge and Folkes, 1976), it may be more significant in the case of soft biological tissues. Indeed, in a recent study we reported that the characteristic decay length in planar soft tissues under uniaxial deformation may be determined from the minimum eigenvalue of the stress tensor based on the Saint-Venant’s principle by (Anssari-Benam et al., 2012):
                                                                                                         (1)

where  is the characteristic decay length,  and  are the elastic and shear modulus of the tissue respectively, and  is the width of the specimen. The operator  is the ‘order of’ the value in the parenthesis. 

Considering our recently published data, rat tail tendon fascicles were reported to have an average cross-sectional diameter of approximately 280m and an average instantaneous elastic modulus of approximately 855 MPa at failure (Legerlotz et al., 2010). The shear modulus has previously been reported as G = 5 MPa (Lemos et al., 2008). Assuming that the fascicles have a cylindrical shape, the planar width required for b in equation (1) would be equivalent to the circumference of the circular cross-section. Substituting the values in equation (1), the decay length would be of the order of 10 - 20 millimetres from each gripping site. Thus, the sample length should at least be 40 mm. Interestingly, the experimental values for failure properties were not found to change in samples longer than 40 mm (Legerlotz et al., 2010). 
As another example, the rat tail tendon fascicles studied by Haut (1986) reported an average cross-sectional diameter of approximately 200 m and instantaneous elastic modulus of approximately 1570 MPa. Incorporating these data into equation (1), a similar decay length of the order of 10 - 20 mm from each gripping site is calculated, and Haut also reported that values for failure properties reach a plateau and remain approximately constant for specimens longer than 40 mm (Haut, 1986). 

In conclusion, this analysis suggests that the tensile mechanical properties of tissues do not appear to be size-dependent, provided that the effects of the gripping mechanisms are taken into account. Accordingly, prior to performing tensile tests, sample dimensions should be estimated and specimen lengths selected to be in excess of the characteristic decay length as predicted by equation (1). Such an approach will ensure that the end effects are not present throughout the whole length of the samples, and stress/strain fields are uniform along extended regions within the specimens. This will reduce the potential for gripping effects to lead to erroneous parameter quantification, and variations in reported data. However, in practice, it may not always be possible to obtain a test specimen with an appropriate aspect ratio, owing to limitations imposed by the physical dimensions of the tissue, or strong anisotropy in its mechanical properties. This would undoubtedly introduce uncertainties to the measured values, with grip-to-grip strain and engineering stress most likely an overestimate and underestimate of local values respectively (Jimenez et al., 1989; Sun et al., 2005; Anssari-Benam et al., 2012). Thus, correction factors may be required when comparing the material properties of two specimens obtained from the same subject tissue, but with different aspect ratios. One way to address this problem may be to characterise specimens from a certain tissue type with different achievable aspect ratios, and then extrapolate the results to the required aspect ratio calculated by equation (1). However, intrinsic errors obtained in the experiments will still remain a part of the calculations. A more rigorous way from authors’ point of view may be to compare the experimental data with that predicted by an appropriate constitutive equation, and calibrate the data accordingly. 































Anssari-Benam, A., Bader, D.L., Screen, H.R.C., 2011. A combined experimental and modelling approach to aortic valve viscoelasticity in tensile deformation. J. Mater. Sci.: Mater. Med. 22 (2), 253-262.
Anssari-Benam, A., Gupta, H.S., Screen, H.R.C., 2012. Strain transfer through the aortic valve. J. Biomech. Eng. 134, 061003, doi: 10.1115/1.4006812.
Arridge, R.G.C., Folkes, M.J., 1976. Effect of sample geometry on the measurement of mechanical properties of anisotropic materials. Polymer 17 (6), 495-500.
Brunon, A., Bruyere-Garnier, K., Coret, M., 2010. Mechanical characterization of liver capsule through uniaxial quasi-static tensile tests until failure. J. Biomech. 43 (11), 2221-2227. 
Haut, R.C., 1986. The influence of specimen length on the tensile failure properties of tendon collagen. J. Biomech. 19 (11), 951–955.
Jimenez, M.L., Brown, T.D., Brand, R.A., 1989. The effects of grip proximity on perceived local in vitro tendon strain. J. Biomech. 22, 949-955.
Legerlotz, K., Riley, G.P., Screen, H.R.C., 2010. Specimen dimensions influence the measurement of material properties in tendon fascicles. J. Biomech. 43 (12), 2274-2280.
Lemos, R.R., Epstein, M., Herzog, W., 2008. Modeling of skeletal muscle: the influence of tendon and aponeuroses compliance on the force-length relationship. Med. Bio. Eng. Comput. 46 (1), 23-32.
Lillie, M.A., Shadwick, R.E., Gosline, J.M., 2010. Mechanical anisotropy of inflated elastic tissue from the pig aorta. J. Biomech. 43 (11), 2070-2078.
Love, A.E.H., 1944. A treatise on the mathematical theory of elasticity. Dover Publications, New York, pp132.
Nerurkar, N.L., Elliott, D.M., Mauck, R.L., 2010. Mechanical design criteria for intervertebral disc tissue engineering. J. Biomech. 43 (6), 1017-1030. 
Sanjeevi, R., Somanathan, N., Ramaswamy, D., 1982. A viscoelastic model for collagen fibres. J. Biomech. 15 (3), 181–183.
Sun, W., Sacks, M.S., Scott, M.J., 2005. Effects of boundary conditions on the estimation of the planar biaxial mechanical properties of soft tissues. J. Biomech. Eng. 127, 709-715.
Teng, Z., Tang, D., Zheng, J., Woodard, P.K., Hoffman, A.H., 2009. An experimental study on the ultimate strength of the adventitia and media of human atherosclerotic carotid arteries in circumferential and axial directions. J. Biomech. 42 (15), 2535-2539.
Toupin, R. A., 1965. Saint-Venant’s principle. Arch. Rational Mech. Anal. 18 (2), 83-96.


        






PAGE  



3



